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Abstract 
Stripe domains or any other type domain structures with part of their magnetic moments deviating from the film 
plane, which usually occur above a certain film thickness, are known problems that limit their potential applications for 
soft magnetic thin films (SMTFs). In this work, we report the growth of micrometer thick c-axis oriented hcp-Co84Ir16 
SMTFs with their magnetic moments restricted strictly in plane by negative magnetocrystalline anisotropy. Extensive 
characterizations have been performed on these films, which show that they exhibit very good soft magnetic properties 
even for our micrometer thick films. Moreover, the anisotropy properties and high-frequency properties were thoroughly 
investigated and our results show very promising properties of these SMTFs for future applications. 
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1. Introduction 
In recent years, study of soft magnetic thin films (SMTFs) has become one of the hot topics in the field of 
magnetism because of their potential applications in high-frequency fields, such as miniature inductors, 
micro-transformers and noise suppressors [1-3]. In high-frequency applications, there are two basic demands for the 
SMTFs, which include small switching field and high permeability before the cut-off frequency. In order to reach these 
requirements, the magnetic materials must have both high saturation magnetization 
sM  and low coercivity cH . 
Extensive studies have been devoted to Fe- and Co-based amorphous and nanocrystalline SMTFs with negligible 
magnetocrystalline anisotropy [4,5] and these SMTFs exhibit excellent static and high-frequency magnetic properties. 
However, in practical uses of magnetic devices, the SMTFs must have sufficient thickness (usually above micrometer) to 
obtain enough magnetic flux signal [6]. For the well-studied Fe- and Co-based amorphous and nanocrystalline SMTFs, a 
considerable perpendicular anisotropy will always occur due to defects and/or internal stress coming from the growth 
procedure of these SMTFs [7-9]. This perpendicular anisotropy will result in the appearance of a stripe-type domain 
structure when the thickness of these SMTFs exceeds a few hundred nanometers. Such a stripe domain structure will 
lead to two unfavorable consequences that hinders practical applications [10,11]: (1) a significant increase in coercivity, 
which leads to a deterioration of the soft magnetic properties; (2) the magnetic moments exhibit a large vertical 
component rather than strictly lie within the film plane. In practical uses, for example, the inductance and the quality 
factor of the miniature inductors will be significantly reduced and the loss will be extremely large when SMTFs with 
stripe domain structure were used. Therefore, preparation of thick enough SMTFs with its magnetic moments strictly 
lying parallel to the film plane is essential for them to have excellent soft magnetic properties and thus is crucial for 
practical applications of these SMTFs.  
In our previous work, we have studied CoIr-based SMTFs with a strong negative magnetocrystalline anisotropy 
grain
uK , which shows that the c-plane of the CoIr crystal is an easy magnetization plane and the c-axis is the 
corresponding hard axis. In other words, rotation of the magnetic moments from the c-plane to the c-axis direction must 
overcome an effective magnetic field 
s
grain
u
grain
u MKH 2  of the order of ~8 kOe [12,13] in addition to the 
demagnetization field 4πMs. Therefore, we anticipate that the critical thickness for stripe type domain structure to appear 
shall be greatly enhanced if the CoIr SMTFs were grown with their c-plane parallel to the film plane. In this work, to 
verify our idea, we report the growth of oriented hcp-Co84Ir16 SMTFs up to micrometer thick. Our results show that these 
films with film thickness ranging from 100 nm to 1.12 μm all have excellent soft magnetic properties with small 
coercivity and, more importantly, with the magnetic moments of these films lie parallel to the film plane. The intrinsic 
magnetocrystalline anisotropy and total effective out-of-plane anisotropy have been investigated, and our high-frequency 
permeability measurements show very promising properties of these SMTFs for future practical applications. 
2. Experiment 
All our samples were prepared by DC perpendicular magnetron sputtering method with a layered structure of 
substrate/Ti/Au/Co84Ir16 (see inset of Fig. 1 (a)). Si wafer with (100) surface orientation was used as substrate, and the 
seed layer of Ti(8 nm) / Au(25 nm) was deposited first in order to induce the c-axis orientation of the Co84Ir16 soft 
magnetic layer. A variety of oriented Co84Ir16 films with different layer thicknesses ranging from 100 nm to 1120 nm 
were deposited using the same seed layer. In this work, for clarity, the samples were denoted as CoIr100, CoIr300, 
CoIr500, CoIr950, and CoIr1120 corresponding to samples with Co84Ir16 layer thicknesses of 100, 300, 500, 950, and 
1120 nanometer. The seed layer was deposited using Ar as working gas with a pressure of 0.25 Pa. The Co84Ir16 soft 
magnetic layer was grown with an Ar pressure of 0.3 Pa by using Co target with five Ir chips symmetrically placed on 
the erosion race-track. To induce an in-plane uniaxial anisotropy, the substrate was inclined by 5o with a wedge during 
the sputtering process. The crystalline structure and cross section morphology were investigated by X-ray diffraction 
technique (XRD) and scanning electron microscope (SEM). The out-of-plane magnetization component in zero-field was 
detected through magnetic force microscopy (MFM). The static magnetic properties were measured with a vibrating 
sample magnetometer (VSM) and the dynamic magnetic properties were measured with an electron spin resonance 
spectrometer (ESR). The microwave permeability measurements were performed by a vector network analyzer (VNA) 
using the shorted microstrip method.  
 
3. Results and discussion 
The XRD patterns of the samples with indicated Co84Ir16 layer thicknesses measured with  2 scan are shown 
in Fig. 1 (a). Only two diffraction peaks corresponding to Au (111) plane and Co84Ir16 (002) plane can be seen for all the 
samples. The schematic layer structure of the samples is shown in the inset of Fig. 1 (a). Similar to our previous work 
[13], the 8 nm Ti layer provides an amorphous surface that assists the oriented growth of the Au layer with (111) plane 
parallel to the thin film which was expected to induce the oriented growth of Co84Ir16 soft magnetic layer with its c-axis 
normal to the film surface. This was proved working very well by the only diffraction peak of the Co84Ir16 (002) plane 
for all our samples. To further verify the goodness of the c-axis alignment of the Co84Ir16 layer, rocking scans on the (002) 
peak were made for the CoIr100 and CoIr1120 samples as shown in Fig.1 (b). The full width at half maximum (FWHM) 
determined from Lorentz fits to the experimental data amount to 1.9o and 1.7o for the CoIr100 and CoIr1120 samples, 
respectively. The small values of FWHM reveal the good alignment of the Co84Ir16 layer [14]. Interestingly, the even 
smaller value for the CoIr1120 sample demonstrates that the misalignment which might come from defects or lattice 
mismatch can be further reduced for thicker samples. In Fig. 2 we present a typical cross-section image from SEM 
measurements for the 950 nm sample. The good alignment of the c-axis of the Co84Ir16 layer can be directly seen from 
the columnar-like crystalline structure. 
The in-plane magnetic hysteresis loops of the oriented hcp-Co84Ir16 SMTFs are shown in Fig. 3 (a)-(e). These loops 
were measured with the applied magnetic field parallel or perpendicular to the easy axis within the film plane. For all 
samples, the hysteresis loops are totally different when measured in the two directions, which suggests that all films 
possess an in-plane uniaxial magnetic anisotropy. The uniaxial anisotropy induced by the oblique deposition technique 
can be explained with the framework of the so-called self-shadowing model [15]. According to this model, the region 
behind a growing crystallite is in the “shadow” of the crystallite and thus is prevented from continuous receiving metal 
vapor, so the crystallites will form a two-dimensional array of chains which leads to the uniaxial anisotropy of the 
SMTFs. The almost rectangular loops are observed along the easy axis and the remanence ratios are all above 0.92. The 
large remanence ratio suggests that nearly all the magnetic moments lie parallel to the film plane even for our 
micrometer thick sample. This is in sharp contrast to the Fe- and Co-based amorphous and nanocrystalline SMTFs in 
which strip domain structure will appear when the film thickness exceeds only a few hundred nanometers [7-9]. As 
shown in Fig.3 (f), the saturation magnetization 4πMs of all the films are close to 14 KOe which agrees well with 
reported values in literature [16]. The coercivity 
cH  determined from the easy axis loop decrease gradually from 35 Oe 
to 16 Oe with increasing film thickness. This decreasing tendency, which commonly exists in many magnetic thin films, 
can be well explained by the random anisotropy model for polycrystalline ferromagnetic films [17]. When the grain size 
is larger than the natural exchange length, the coercivity is inversely proportional to the grain size and can be described 
as 1 DH c  with nearly constant 4πMs and nearly invariable in-plane uniaxial anisotropy field induced by the same 
condition.  
The zero-field MFM images that were acquired in the as-deposited state at the film surface of sample CoIr950 and 
CoIr1120 are shown in Fig. 4. No obvious magnetic contrast can be seen in these zero-field MFM images, indicating the 
absence of stripe type domains and/or any other type of domain structures that involve with partial magnetic moments 
deviating from the others that lie parallel to the film plane. This matches well with the analysis from the hysteresis loops 
and is another evidence that most of the magnetic moments are restricted within the film plane. This is exactly the 
situation that we anticipated for the oriented hcp-Co84Ir16 SMTFs with a strong intrinsic negative magnetocrystalline 
anisotropy of the order of ~ -106 J/m3. Together with the demagnetization field, this will provide an effective out-of-plane 
anisotropy of the order of ~ 20 kOe. On the other hand, the perpendicular anisotropy that leads to the stripe type domain 
structure is much smaller, ~ 104_105 J/m3. For example, the reported perpendicular anisotropy is about 9.5 kJ/m3 for NiFe 
films [18], and 11.3 kJ/m3 for FeCoNbB amorphous film [19], where stripe domain structure appears above several 
hundred nanometers. Therefore, the magnetic moments in our SMTFs are completely compelled to lie within the film 
plane by the strong effective out-of-plane anisotropy field.  
To quantify this effect and to get the value of the intrinsic magnetocrystalline anisotropy grain
uK  and the total 
effective out-of-plane anisotropy field 
H  for our samples, we performed ESR measurements on all the films with a 9 
GHz microwave magnetic field applied in-plane but perpendicular to the easy axis direction. The DC magnetic field is 
applied parallel to the film plane and forming an angle of 
H  with the easy axis. The measured resonance fields rH  
are shown in Fig. 5 (a)-(e) as a function of 
H together with theoretical fits. It is well known that rH  is smallest when 
the applied magnetic field is parallel to the easy axis and the largest when perpendicular. From published works [13,20], 
the relationship between the resonance field and the angle 
H  can be expressed as: 
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where   is the angular frequency,   is the gyromagnetic ratio, 0  is the equilibrium positions of the magnetization. 
The solid lines in Fig. 5 (a)-(e) are numerical fits to the experimental data using equation (1). The apparent twofold 
symmetry indicates a well defined in-plane uniaxial anisotropy in agreement with our VSM measurements [21]. The 
obtained total out-of-plane anisotropy field 
H  are shown in Fig. 5 (f) as a function of film thickness. As can be seen, 
H decrease gradually from 27 kOe to 23 kOe with increasing film thickness. To get a clear understanding of this trend, 
we express the total out-of-plane anisotropy field as 
p
grain
s HHMH  u4 , where 
grain
s HM u4   can be 
treated as constant. Then the decrease of 
H  is coming from pH , the so called perpendicular anisotropy field in the 
favor of stripe domain structure. The corresponding perpendicular anisotropy constant can be determined as 
2spp MHK   which we believe is originating from the columnar structure and any defects or stress of the as-grown 
film [22, 23]. Following the above definition, grain
s HM u4   is determined to be 27.5 kOe and the intrinsic 
magnetocrystalline anisotropy 
grain
uK  was calculated to be -753 kJ/m
3 which agrees well with reported values [12,13]. 
Then the thickness dependence of the perpendicular anisotropy 
pK  was calculated and shown in Fig. 5 (f). Although 
pK  is much larger than that for the NiFe film and the FeCoNbB amorphous film where pK  is in the order of 10 kJ/m
3, 
they are still much smaller than grain
uK . Then, the net energy density gain P
grain
u KK   is still smaller when the 
magnetic moments lie parallel to the film plane even for the micrometer thick film. In other words, one can expect, the 
magnetic moments will be restricted within the film plane by the negative magnetocrystalline anisotropy provided 
grain
uP KK  . 
To verify the potential applicability, we measured the microwave permeability spectra of our SMTFs by VNA. The 
frequency dependence of the permeability can be described by the following formula deduced from the Landau–
Lifshitz–Gilbert (LLG) equation [24,25]:  
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us HHM4γω , uH 2 , where   is the angular frequency,   is 
the damping constant and 
uH is the in-plane uniaxial anisotropy field. Considering the values of sM and H have been 
obtained already, we fitted the experimental curves by equation (3) using 
uH and   as free fitting parameters as 
shown in Fig. 6 (a)-(e). The extracted values for 
uH  are 115, 115, 120, 114, 110 Oe for our films in the order of 
increasing film thickness. Obviously, these values are approximately a constant which is consistent with the fact that they 
were induced by the same growth condition, namely the same incline angle ~ 5o during the sputtering process [15]. One 
can see that all these films exhibit a similar behavior with a nearly constant real part before the gradually decreasing 
resonance frequency with increasing film thickness. The initial permeability matches well with the calculated values by 
equation 
usi HM 41  , which is approximately 120 using the measured saturation magnetization sM4  and 
the extracted in-plane uniaxial anisotropy field 
uH . The natural resonance frequency 
exp
rf corresponding to the 
maximum value in the imaginary part, as shown in Fig. 6 (f), follows the same trend of the calculated values by the 
extended Kittel’s equation 



HHf ur
2
  which can be understood by the decrease of H  with increasing film 
thickness. The weak discrepancy of the experimental and calculated data may result from the revised Kittel’s equation 
derived from the LLG equation by neglecting the damping effect [26].  
The damping constant   derived from the fitting, which increase with film thickness, were plotted in Fig. 6 (f). It 
is well known that  , which is an important parameter for high frequency applications [27], consists of two parts, 
namely, the intrinsic and extrinsic contributions. The intrinsic part is largely depends on fundamental properties such as 
Ms and spin-orbit coupling effect [28], and the extrinsic part is generally explained by the defect-induced two-magnon 
model and/or the local resonance model [29,30], both of which is associated with magnetic inhomogeneities within the 
material (e.g. due to anisotropy dispersion and surface or interface roughness). Here, the intrinsic part may not influence 
the damping constant since 
sM  is almost a constant. Therefore, the extrinsic part must play an important role in 
increasing the damping constant. Apart from this, it was reported that eddy currents also affect the permeability spectrum 
and cause a broadening of the resonance peak for thicker films [31,32]. From the above considerations, we believe that 
both magnetic inhomogeneities and eddy currents are involved in the increase of the damping constant, especially for the 
micrometer thick films.  
4. Conclusions 
In summary, c-axis oriented hcp-Co84Ir16 magnetic films with strong negative magnetocrystalline anisotropy were 
fabricated in the range of 100 nm to 1.12 m. All these films were shown to have high saturation magnetization and high 
rectangular ratio with low coercivity in the easy direction. More importantly, all these films have a high degree of c-axis 
orientation even up to micrometer thick. As a result, the stripe type domain structure that usually appears above a few 
hundred nanometers has been effectively suppressed so that the magnetic moments lie strictly within the film plane. 
Additional, the intrinsic negative magnetocrystalline anisotropy constant was determined to be 
grain
uK = -753 kJ/m
3 and 
the permeability measurements indicate that all these films have very good high frequency properties. Therefore, our 
work provides an effective method to grow thick enough magnetic films with excellent soft magnetic characteristics for 
future practical applications. 
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 Fig. 1 (a) XRD patterns of the oriented hcp-Co84Ir16 films with indicated layer thicknesses. The inset shows the 
schematic layer structure of the sample. (b) XRD rocking curves at the (002) peak of the 100 nm and 1120 nm films. 
 
 
Fig. 2 Typical SEM cross-section image of the oriented hcp-Co84Ir16 film of 950 nm thick. 
 
     Fig. 3 (a-e) In-plane magnetic hysteresis loops of the oriented hcp-Co84Ir16 films with the applied field parallel or 
perpendicular to the easy axis. (f) The thickness dependence of Hc determined from the easy axis loops and 4πMs for 
the oriented hcp-Co84Ir16 films. 
 
 
 
Fig. 4 Zero-field MFM images of the oriented hcp-Co84Ir16 films with 950 nm and 1120 nm thicknesses. The image size 
are both 20 μm × 20 μm. 
 
 
 
 
   Fig. 5 (a)-(e) Angle dependence of the resonance field (Hr) for the oriented hcp-Co84Ir16 films. The dots are 
experimental data and the curves are the fitted results. (f) The thickness dependence of  Hθ  and Kp. The red line is the 
fitting curve. 
 
 
 
Fig. 6 (a)-(e) Permeability spectra of the oriented hcp-Co84Ir16 films with indicated film thicknesses and the fitted 
damping constant α. (f) Thickness dependencies of the resonance frequency and the damping constant for the oriented 
Co84Ir16 films. fr is the calculated resonance frequency and frexp is that determined from the measured imaginary part of 
the permeability. 
 
 
 
 
 
 
